BACKGROUND: Low birth weight is associated with childhood stunting, but equivalent associations for birth body composition (BC) remain unknown. The aim of this study was to assess associations between birth BC and height-for-age z-score (HAZ) at 2 years of age. METHODS: In a prospective cohort study, fat mass (FM) and fat-free mass (FFM) were measured using air-displacement plethysmography within 48 h of birth. Linear regression models were applied to study the relationship between BC at birth and HAZ at 24 ±3 months. RESULTS: A total of 268 children with height assessment at 2 years were included. Mean ± SD HAZ at 2 years of age was − 1.2 ± 1.2, with 25.8% classified as stunted (HAZ o − 2SD). FFM at birth was positively associated with HAZ at 2 years, independent of length at birth. When adjusted for potential confounders, HAZ at 2 years was 0.73 higher for each additional kg FFM at birth (β = 0.73, 95% CI: 0.08, 1.38). FM was not associated with HAZ at 2 years in any model. CONCLUSION: The FFM component of birth weight, independent of length at birth, explained variability in HAZ at 2 years. Further studies are required to explore how changes in early infant BC are associated with linear growth.
D espite significant advances in child nutrition and health, under-nutrition remains one of the main public health challenges in low-and middle-income countries (1) . Globally, around 159 million children o5 years are diagnosed with stunting (height-for-age z-score (HAZ) o − 2) (2). In Ethiopia, stunting affected 24 and 42% of children o5 years of age in urban and rural areas, respectively (3).
Stunting is a well-known risk factor for childhood mortality and impaired development (4, 5) . It results in poor learning capacity and school performance during childhood, and reduced earning and work capacity during adulthood (4) (5) (6) . This chronic nutritional problem occurs during the crucial period of pregnancy and in the first 2 years of life, the 'first 1,000 days', during which growth and nutrition have lifelong health implications (4, 7) .
Stunting in childhood is the result of numerous circumstances and determinants, including antenatal and postnatal malnutrition (8) , and is not uniformly understood (4, 8) . Small size at birth, low maternal height, inappropriate feeding, and a high number of infections, especially diarrhea, have been associated with stunting (9, 10) . Although numerous authors identified low birth weight as one of the risk factors for childhood stunting, body composition has received less attention. BC in children is now understood to be an indicator of current health status (11) and is associated with disease in later life (12, 13) . In this regard, studies that investigate BC during childhood are important for a better understanding of stunting in children.
Presently, however, only a few studies have investigated the relation between BC at birth and linear growth faltering (10, (14) (15) (16) . In those studies, body composition was assessed using simple anthropometric indices such as body weight, body mass index, and skinfold measurements, which may not be accurate and precise measurements of BC in children and may not adequately reflect total body fatness during infancy (17) . To the best of our knowledge, no previous study has investigated BC as a predictor of HAZ.
It was recently shown in the Ethiopian Infant Anthropometry and Body Composition cohort (iABC) that neonates with the same birth weight had a large variation in FM and FFM (18) . In addition, the study demonstrated that groups with lower birth weight, such as girls and first-born children, had reduced FFM but not significantly less FM. This indicates that studies using crude measurement techniques like body weight and body mass index might miss the potential effects of variation in BC on health outcomes.
In this analysis, we present findings from the 2-year followup of the iABC study. The aim of the study was to investigate the association between birth body composition and HAZ at 2 years of age.
METHODS
Study Design, Setting, and Participants This prospective cohort study was conducted at Jimma University Specialized Hospital (JUSH) in Jimma town, Ethiopia, from January 2009 to August 2014.
Data for the present study were collected as a part of the iABC cohort study, which has been described in detail elsewhere (18, 19) . Briefly, eligible mother-infant pairs were recruited among women who gave birth at the maternity ward at JUSH. Women and their newborns were eligible if they were living in Jimma town and the child was born at term (gestational age of ⩾ 37 weeks, using Ballard score assessment) with a birth weight ⩾ 1,500 g and without congenital malformation. Women and newborns were examined within 48-h after birth. Newborns with serious medical conditions observed during baseline examination were not included. A total of 617 infants were recruited at birth. Of them, 268 had height measurements at 2 years and were analyzed in this study.
Data Collection
Anthropometric measurements. Length was measured in the supine position for children below 2 years, whereas height was measured in standing position for those aged 2 years and above according to WHO guidelines. Anthropometric measurements were taken at 2 years ± 3 months. Length/height was measured in duplicate to the nearest 0.1 cm using a SECA 416 length board (SECA, Hamburg, Germany) and a SECA 213 portable stadiometer according to WHO recommendations (20) , and the average was used for length/height analysis. For this paper, height was operationalized as HAZ based on the WHO growth standards (21) , and stunting was defined as HAZ below minus two standard deviations (−2SD) from the median length/height for age of the reference population.
Birth weight, FM, and FFM were measured within 48 h after birth to the nearest 1 g using a Peapod s , an infant air-displacement plethysmograph (ADP) specifically developed for measurement of infant BC (COSMED, Rome, Italy) (22) . ADP is considered a fast, safe, precise, and accurate densitometry technique to assess BC in neonates and infants (23) . The theory and standard operating procedures used in the present study have been described elsewhere (19) . ADP is a two-component model that divides body weight into FFM and FM. FM consists of only fat and is free from water, whereas FFM includes protein, water, and mineral (osseous and non-osseous).
Questionnaire data at birth. Data were collected by trained research nurses using a structured and pre-tested questionnaire.
Information on maternal age and parental education were obtained. Data on socioeconomic status such as water quality, consumer durables (electricity, telephone, mobile, television, radio, refrigerator, stove, car, motor cycle, and electric injera mitad), and toilet facility were collected at the time of delivery.
Questionnaire data at 2 years of age. Hospitalization was assessed using the question "Was the child ever admitted to any health facilities for treatment since birth", and the response was recorded as yes/no.
Mothers were asked about the milk intake of their child within 1 week before the interview at 2 years of age. Milk intake of the child was described by total frequency of milk intake other than breast milk during the past 1 week. The response was categorized as not consumed, regularly consumed (1-6 days per week), or consumed every day (7 days).
Data Handling and Statistical Analysis
Data were double-entered using EpiData (version 3) (Odense, Denmark, 2003 Denmark, -2008 . STATA/IC 12.1 (StataCorp, College Station, TX) was used for data analysis. The Zscore06 Stata command was used for the calculation of anthropometric z-scores using the 2006 WHO child growth standards (24) .
Mean ± SD was calculated for symmetric continuous variables. A wealth index was constructed from three overall socioeconomic categories: drinking water quality (four items, response 0 or 1), consumer durables (ten items, response 0 or 1), and toilet facility (five items, response 0 or 1). The wealth index score was generated from the data using principal components analysis (PCA); the first PCA factor that explained most of the variation was used to group study households into wealth quintiles (25) . χ 2 tests and t-tests were used to examine the differences between those included and those lost to follow-up. Simple and multiple linear regression analyses were performed. Linear regression analysis was applied to examine the association between body composition (FM or FFM) at birth as the main exposure variables and HAZ at 2 years of age as the outcome. The contribution of other covariates to HAZ at 2 years of age were evaluated by adding those variables to the linear regression models.
Separate multiple linear regression models for FFM and FM were developed (adjusting for early infant characteristics, cow milk intake, morbidity, and parental factors). Model 1: FFM or FM was included in the model as a continuous variable and birth length, sex, and current age were adjusted for. Model 2: same as model 1 but included cow milk intake, breastfeeding, and hospitalization. Model 3: same as model 2 but included maternal age, maternal education, and paternal education. Model 4 (fully adjusted model): same as model 3 but included parental wealth index.
Variables were considered for the multiple regression models if they were main exposure variables; potential confounding factors were identified a priori from the literature or affected the estimate of main exposure (birth FM and FFM). A P-value o0.05 was considered significant.
Scatter plots of the residuals vs. the independent variables and the predicted values were examined to determine whether there were patterns diverging from a normality distribution. Variance inflation factor (VIF) and tolerance test were used to test for the presence of multi-collinearity among the independent variables. VIF o10 was accepted. The results were presented using β-coefficients and 95% confidence intervals. Also, presence of interaction was checked between sex, wealth index, FM, and FFM, and a P-value o 0.05 considered significant.
Ethical Considerations
Ethical approval was obtained from Jimma University, College of Public Health and Medical Science's Institutional Review Board (reference RPO/56/2001). Written informed consent was obtained from each mother or guardian before commencing data collection. Participants who were unable to sign gave their thumb print. To maintain confidentiality, any identifiers were removed from the data before analysis. There were no risks associated with any of the examinations. Children found to be ill were referred for diagnosis and treatment at Jimma University Specialized Hospital.
RESULTS
Of 617 children recruited at birth, 271 (44%) were followed up at 2 years. Of those, 268 (98.9%) had a valid height measurement and were included in the study. A flow chart of the follow-up of study participants is presented in Figure 1 .
The mean ± SD gestational age was 38.9 ± 1 weeks. The mean ± SD FM at birth was 0.2 ± 0.2 kg, whereas mean ± SD FFM was 2.8 ± 0.3 kg ( Table 1) . At follow-up, the mean ± SD age of children was 24.3 ± 0.8 months. The mean ± SD HAZ at 2 years of age was − 1.2 ± 1.2, and 25.8% (n = 65) were stunted.
Nearly half of the mothers were between 20 and 24 years of age (n = 115, 43.4%). Nearly two-thirds of mothers had completion of primary school as their highest educational level (n = 167, 62.3%), and more than half of the fathers had primary school level as the highest (n = 153, 59.1%) ( Table 1) .
Concerning household possessions, the majority of parents had electricity (n = 258, 96.3%), radio (n = 243, 90.7%), mobile (n = 196, 71.1%), and television (n = 182, 67.9%). Only 3 (1%) parents who were ranked at the 5th level (richest) on the wealth index did not own a television, compared with 51 (82.3%) parents who were ranked at level one (poorest).
Predictors of Height-for-Age z-score at 2 years Body composition. Separate multiple linear regression models are presented for FFM and FM. FFM at birth was associated with HAZ at 2 years in both simple ( Table 2 ) and multiple linear regression analysis (Table 3) . When adjusted for neonatal factors (model 1), FFM was associated with HAZ at 2 years (β = 0.68, 95% CI: 0.06, 1.31). After adjusting for current child milk intake, hospitalization, and breastfeeding at 2 years, the estimate of FFM was stronger (model 2). HAZ at 2 years was 0.77 higher for each additional kg FFM at birth (β = 0.77, 95% CI: 0.13, 1.41). Adjusting for maternal age, parental education further increased the estimate of FFM (model 3) (β = 0.85, 95% CI: 0.20, 1.42). Further adjustment for parental wealth index in model 4 reduced the estimate of FFM, although the associations with birth body composition were still significant (β = 0.73, 95% CI: 0.08, 1.38). FM was not associated with HAZ at 2 years in any of the four models, and the direction of the non-significant relation was negative with HAZ. The association between FFM and HAZ was not modified by sex or wealth index (P for interaction40.05).
The association between FFM at birth and HAZ at 2 years of age was also examined by excluding length at birth from the model. Unadjusted for length, the association between FFM at birth and HAZ at 2 years was stronger and highly significant (data not shown).
Furthermore, in the absence of FFM and FM, association between birth weight and HAZ at 2 years was examined. However, birth weight was significant only in simple linear regression, whereas it was not significantly associated with HAZ when adjusted for potential confounders in subsequent models (data not shown).
In addition, we have analyzed the association between BMI-for-age z-score (BMIZ) with HAZ at 2 years as a proxy for body composition. BMIZ was positively associated with HAZ at 2 years in simple linear regression and lost significance when adjusted for potential confounders in subsequent models (data not shown).
In addition to FFM, in the fully adjusted model, being female was associated with 0.61 higher HAZ at 2 years (β = 0.61, 95% CI: 0.33, 0.89). Each cm in length at birth was associated with 0.12 (β = 0.12, 95% CI: 0.01, 0.22) larger HAZ at 2 years. A month increase in the child's age at 2 years was associated with a 0.24 lower HAZ (β = − 0.24, 95% CI: − 0.41, − 0.07). These associations were maintained in all models (data not shown). HAZ was higher in children who received cow milk every day compared with those who did not during the previous 7 days (β = 0.42, 95% CI: 0.11, 0.73). This association was maintained in the succeeding model but not in the final model, where we adjusted for parental wealth index. Higher parental wealth index score was also positively associated with HAZ (β = 0.14, 95% CI: 0.03, 0.26). DISCUSSION FFM but not FM was consistently positively associated with HAZ at 2 years. This association was independent of length at birth and parental wealth.
Although no previous studies have explored the relationship between birth body composition and HAZ, a number of earlier studies had identified low birth weight as a predictor of No HAZ at 2 year: n =2
Not available or lost to follow-up or moved away: n =337 Children died: n=3
Examination at birth: n = 611
Examination at 2 year: n = 270
Height for age Z score at 2 years available: n = 268 Figure 1 . Flow chart of the study participants. linear growth (10, 15) . FFM rather than FM accretion during gestation might explain the association between birth weight and HAZ at 2 years of age. A higher FFM at birth might indicate healthy nutritional intake of the mother during pregnancy, which in turn may have positive effects on fetal growth and newborn health. Barker et al. (26) have proposed that poor fetal nutrition could reduce the concentration of insulin-like growth factor type 1 (IGF-1) and thereby undermine the growth of muscle mass. Thus, a lower concentration of IGF-1 could be one explanation why we find in the present study that reduced birth weight is particularly related to reduced FFM. A few other studies have indicated that poor growth during fetal life and infancy could permanently constrain FFM, which could adversely affect later growth (27, 28) . There are a few studies showing that low FFM in early life predicts insulin resistance (29, 30) . Maternal dietary restriction may affect fetal growth directly via placental nutrient availability (31) , and also indirectly via the fetal endocrine system and epigenetic modulation of gene expression (32, 33) .
In our study, FM at birth was not associated with HAZ at 2 years in either the univariate or the multivariable analysis. However, the direction of the relationship with HAZ was negative. It is likely that fat stores at birth might represent a store of energy to fund infant growth, but we did not find any association. Although FM was not associated with HAZ in the current study, a study conducted by Carberry et al. (34) in Australia showed that body fat percentage was a better predictor of neonatal morbidity than birth weight percentiles and performed better in identifying undernourished neonates. However, using body fat percentage as an indication of fat mass properties is not advisable as the fat percentage includes both the properties of fat mass and total body mass in the same measurement (17) .
FFM and FM have distinct growth patterns during gestation. FFM accretion occurs all the way through pregnancy, whereas more than 90% of the FM accretion occurs during late gestation and shows an accelerated growth (35) . This difference in fetal tissue accretion might explain the association between FFM and HAZ as well as the lack of association between FM and HAZ.
Although reference values of FFM and FM could be useful in a clinical setting and field surveys, in recent year few studies have provided population-specific reference data. In fact, in 2013 reference data were published based on a subsample of the population included in the current Table 2 . Univariate linear regression analysis between birth body composition and other covariates, and child height-for-age z-scores at 2 years of age in 268 Ethiopian children β (95% CI) P-value
Birth characteristics
Fat-free mass, kg Table 3 . Multiple linear regression analysis examining the independent associations between birth fat-free mass and fat mass on child heightfor-age z-score at 2 years of age
manuscript (19) , and the progression in the development of widely applicable reference data was described (36) . However, as opposed to weight and height, there is no globally applicable standard available from WHO for FM and FFM. We have also examined the association between birth weight and HAZ at 2 years. However, birth weight was not significantly associated with HAZ when adjusted for potential confounders in subsequent models. Similarly, association between BMIZ at birth and HAZ at 2 years was examined. However, BMIZ at birth lost significance when adjusted for potential confounders in the subsequent models. These findings show the importance of using FFM and FM measurements rather than a simpler anthropometric measure like birth weight and BMIZ. A study conducted by Andersen et al. (18) , in the same cohort, showed a marked variation in FM and FFM for children with the same birth weight. This finding indicates that studies using crude measurement techniques like body weight might miss the potential effects of variation in body composition on health outcomes.
Most of the previously identified correlates also showed a statistically significant association with HAZ in this study. Female sex, birth length, and parental wealth had a positive association with HAZ, whereas child age had a negative association. Females had higher HAZ at 2 years, which is corroborated by previous studies conducted in Indonesia, Bangladesh, Bhutan, and India (37, 38) and by a meta-analysis of studies from sub-Saharan Africa (39) .
In our study, length at birth was positively associated with HAZ at 2 years. This observation is consistent with a previous study conducted in Amazon, Brazil (16) , and a review from five cohort studies in low-and middle-income countries (40) . The finding implies that length at birth is an important predictor of linear growth, revealing its importance for interventions to address intrauterine growth failure. Nevertheless, FFM at birth predicted HAZ at 2 years independent of length at birth.
Furthermore, HAZ at 2 years was significantly higher in children with a higher parental wealth index score. This finding is consistent with previous studies conducted in Bhutan, Eastern Himalayas and India (37, 38) .
Our study has limitations. Maternal pre-pregnancy and pregnancy-related factors were not assessed. Potential confounding by complementary feeding was also not addressed. The sample size was relatively small and might result in low statistical power. Information related to hospital admission could have been subject to recall bias. Further, a crude measure of morbidity was used and further adjustment for less serious morbidities could not be made, although they contribute a lot to growth faltering. Considerable loss to follow-up is also a limitation. However, children included in the analyses were not statistically different from those who were not included with respect to sex, age, birth order, length, FFM and FM at birth, parental education, and parental wealth index (Supplementary Table S1 online). Functional anomalies were not assessed, which could potentially confound the association between BC and height. Among the main strengths of the study is its prospective longitudinal design, as well as the use of an air-displacement plethysmograph to assess body composition at birth, which is a precise and accurate method for assessing fat and fat-free mass in infants (23) .
In conclusion, our study suggests that FFM at birth was associated with HAZ at 2 years. In contrast, birth FM was not a correlate of HAZ at 2 years of age. This finding is relevant for future research studies that are using birth weight as the outcome. It suggests that future health interventions may have greatest benefit for child growth if they improve FFM rather than FM during fetal life.
We recommend studies to better understand which part of the FFM mediates this association. Studies looking at body composition with height by including maternal pre-pregnancy and pregnancy-related factors in detail might be needed. Follow-up studies might be required to explore how early infant body composition growth pattern is associated with linear growth. Furthermore, additional studies are required to explore how early life body composition is related to later under-nutrition, childhood obesity, and later susceptibility to non-communicable diseases.
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